The feasibility of controlling film microstructure and nanocomposition of FePt film with various compositions of the CoAg underlayer by ion beam sputtering accompanied by an external magnetic field was performed. The characteristic of phase separation of the CoAg underlayer was employed to induce an inductive magnetism region which reduced the annealing temperature acquired for L1 0 -FePt. The segregation of Co atoms could influence the corresponding magnetic properties of FePt. After annealing at 400°C, the FePt/ CoAg films deposited under the magnetic field showed a larger coercivity ͑H c = 5 kOe͒ than that of the film deposited without a magnetic field ͑H c = 0.4 kOe͒.
I. INTRODUCTION
FePt thin films deposited at room temperature typically have a face-centered-cubic ͑fcc͒ disordered phase ͑a space group of Fm3m͒ and exhibit soft magnetic behavior. This disordered fcc-FePt phase can be transformed to the hard magnetic face-centered-tetragonal ordered L1 0 phase ͑a space group of P4/mmm͒ by way of the order-disorder transformation at high temperature during the fabrication process.
1,2 High-temperature heat treatment above 600°C drives not only the order transformation but also the undesirably large grain size. Therefore, it is desirable to find a way to produce L1 0 -FePt magnetic films at lower temperatures. Recently, several attempts have been made to reduce the process temperature; such as the introduction of underlayers, 3 the addition of third elements, 4 ion irradiation, 5 multilayering, 6 and deposition under annealing. 7 Platt et al. 8 and Huang et al. 9 proposed that Ag not only decreases ordering temperature but also increases coercivity. Petit et al. proposed that for pure Co nanocrystals, different film morphologies are obtained through application of a magnetic field during deposition. These morphologies have quite different magnetic properties, which are explained by considering dipolar interactions and the associated demagnetizating factor. 10 In addition, Co alloy is the only one of the three common room temperature ferromagnetic elements to have uniaxial symmetry and higher saturation magnetization of about 1400 emu/ cm. 11 Ichitsubo et al. proposed that the postheating procedure under a magnetic field increases magnetic hardening, which is more desirable for L1 0 -ordered film application. 12 The deposition of FePt films introducing a CoAg underlayer using ion beam sputtering, where the magnetic field strength was used to alter the deposited conditions 13 on the growing film surface, is of particular interest in this study of magnetic field-assisted thin film growth.
II. EXPERIMENT
The L1 0 structure needs a high formation temperature of over 600°C, and so it is limited to select substrate materials. A surface oxidized Si ͑100͒ single crystal wafer was used as a substrate. The CoAg underlayers with 20 nm thickness were aged at 70°C for 2 h in order to segregate Ag and Co. The nonmiscible character of both Co and Ag elements and the large difference between their surface energies ͑1250 and 2550 mJ/ m 2 for Ag and Co, respectively͒ 14 could be the causes of the significant segregation effect of Ag atoms towards the surface in mixed Co-Ag clusters. Three alloy thin films with different x of Co x Ag 100−x underlayers, FePt/ Co 25 1.3 kOe, FePt͑+H͒, where the magnetic field was applied along the direction normal to the substrate surface by means of the NbFeB permanent magnet. For comparison, deposition of FePt films on a CoAg underlayer without magnetic field was also studied. The structure and the magnetic properties of the films were observed as a function of postannealing temperatures T a 400-600°C. The crystal structures of the samples were characterized by x-ray diffraction ͑XRD͒ ͑Rigaku RINT 200͒. The surface composition and depthprofile analysis were obtained using an Auger electron spectrometer ͑AES͒ ͑670 PHI Xi͒. The Z-contrast ͑atomic number Z͒ imaging was generated by high angle annular dark field ͑HAADF͒ scanning transmission electron microscopy ͑STEM͒ ͑Philips Tecnai G2 F20͒. The images of the aged Co-Ag underlayers and the cross-sectional images of FePt/ Co x Ag 100−x films were obtained by transmission electron microscopy ͑TEM͒ ͑Philips Tecnai G2 F20͒. The ␦M parameters and switching field distribution ͑SFD͒ were obtained by vibrating-sample magnetomer ͑VSM͒ ͑DMS 1660͒ in magnetic fields of up to 15 kOe. A superconducting quantum interference device magnetometer ͑SQUID͒ ͑Quantum Design MPMS7͒ was utilized to plot the hysteresis loops in magnetic fields of up to 30 kOe.
III. RESULTS AND DISCUSSION

A. Structure
All the samples of as-deposited films tend to exhibit fcc structures matching those of fcc-FePt. 26 This disordered phase of thin film is ͑111͒ textured, since the ͑111͒ plane is the most close-packed plane, which has lowest surface energy. The changes of crystallinity in FePt͑+H͒ /Co 25 Ag 75 and FePt/ Co 25 Ag 75 films are shown in the XRD graphs of Fig. 1 . Interestingly, the FePt͑+H͒ /Co 25 Ag 75 film shows ͑001͒ and ͑110͒ superlattice peaks annealed at 400°C, which indicates the existence of a L1 0 phase. Up to 500°C, the characteristic ͑200͒ and ͑002͒ peaks are distinguishable. This implies that the transformation is thermodynamically first order, 15 occurring by nucleation and growth of the ordered phase in the disordered matrix. If an external magnetic field is not utilized, the superlattice peaks of FePt/ Co 25 Ag 75 film are no longer observed at T a = 400°C. Figure 1͑a͒ shows a characteristic disordered fcc-FePt phase of FePt/ Co 25 Ag 75 film at T a = 400°C. Up to 500°C, the ͑111͒ peak shifts to high angle side and initially develops the ͑001͒ and ͑110͒ superlattice peaks of ordered L1 0 phase. As mentioned above, this suggests that deposition of FePt films on Co 25 Ag 75 underlayer along with an external magnetic field induced lowtemperature ordering of FePt films.
The necessary temperature of ordered phase transformation is not only reduced by utilizing magnetic field but also influenced by the changes of the Co-Ag composition. The XRD patterns of FePt͑+H͒ /Co x Ag 100−x film with varied Co ͑x = 25, 45, and 60͒ annealed at 400°C are shown in Fig.  1͑b͒-1͑d͒ . The ͑001͒ superlattice peak of FePt is gradually apparent with decreasing Co in the CoAg underlayer. Since the ratio of the ͑001͒ superlattice peak to the ͑002͒ fundamental peak is an indication of the degree of ordering in FePt, the crystallinity of the L1 0 phase in FePt͑+H͒ / Co 60 Ag 40 , FePt͑+H͒ /Co 45 Ag 55 , and FePt͑+H͒ /Co 25 Ag 75 is progressively increased with the decreasing Co content. This may be due to the diffusion of the CoAg underlayer and formation of the off-stoichiometric FePt. As shown in Fig. 2 , Co diffusion into the FePt layer can be found because the solid solution of Fe and Co was easing formed, however, compared to Co diffusion after annealing at T a = 400°C the Ag stays behind. This indicates that the cause of reducing necessary ordered temperature is mainly the external magnetic field, although Ag could be used to lower the necessary temperature. 8, 9, 16 B. The microstructures Figure 3 shows the TEM bright-field image of the aged CoAg film with film thickness of 20 nm. The larger black contrast ͑Ͼ100 nm͒ may come from segregation of Ag and Co, as shown in Fig. 3͑a͒ . In this film, the energy dispersive x-ray ͑EDX͒ analysis is difficult to distinguish from Co and Ag grains because the layers of Co-Ag are overlapped. In addition, the larger black contrast is coalesced with the small size of substances. Figure 3͑b͒ shows the magnified image of the larger black contrast, and shown in the inset is the corresponding selected area electron diffraction ͑SAED͒ pattern. The diffraction rings are diffuse and wide, which is consistent with the small size of Co grains ͑about 3 nm͒. Shown in Figs. 4͑a͒ and 4͑b͒ are the TEM bright-field image and darkfield image of FePt͑+H͒ /Co 25 Ag 75 annealed at T a = 400°C. Apparently, the Co grains have grown to be larger, with a size of about 20 nm, and they have segregated from the CoAg underlayer. The FtPt͑+H͒ film grown on the Co 25 Ag 75 underlayer with a magnetic field applied during deposition is shown in Fig. 5 . The TEM dark-field image of FtPt͑+H͒ /Co 25 Ag 75 reveals a great size of FePt grain grown on the Co grain due to high inductive magnetization of Co grains in the CoAg underlayer, as shown in Fig. 5͑a͒ . This phenomenon may be attributed to the enhanced recrystallization induced by the magnetization of Co grains. This result is in agreement with a recent paper by Petit et al., 17 which reported on the formation of solid networks of stripes of Co nanocrystals by applying a magnetic field during evaporation. Shown in Fig.  5͑b͒ is the STEM-HAADF image of FtPt͑+H͒ /Co 25 Ag 75 annealed at T a = 400°C. The brightness of HAADF image is approximately proportional to the atomic number. The labels of points 1 and 2 indicate location of element analysis of the CoAg underlayer and FePt film, respectively. There is slight amount of Co element, about 3.7 at. %, and Ag element, about 1.4 at.%, included in the FePt film. Ag has a 5.1% larger unit cell than FePt. Considering the similar atomic radii Fe and Co ͑0.126 nm for Fe and 0.125 nm for Co͒, it is reasonable to assume that the Co atoms occupy the Fe sites in the lattices of the FePt.
At T a = 400°C there is significant increase in average grain size of FePt. The grain size of FtPt͑+H͒ /Co 25 Ag 75 further increases to about 50 nm when a magnetic field is applied, which may correlate to the formation of L1 0 phase, as shown in Fig. 1 . However, the further increases in grain size are no longer observed in FePt/ Co 25 Ag 75 without a magnetic field being applied. This is due to the formation of the L1 0 phase by nucleation and growth; once this phase forms, it grows quickly ͑since it is thermodynamically stable͒, while the untransformed fcc part of the film does not grow significantly.
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C. Magnetic properties
Magnetic properties are measured on a SQUID using an in-plane of 30 kOe saturating field. When annealed at 400°C the FtPt͑+H͒ /Co x Ag 100−x samples exhibit appreciable ordered phase, and the coercivity of these films with/ without magnetic field is compared in Fig. 6 . The values of 25 Ag 75 film deposited under the magnetic field showed a larger coercivity ͑H c = 5 kOe͒ than that of the film deposited without a magnetic field ͑H c = 0.4 kOe͒, as shown in Fig. 7 . Note that the H c of FtPt͑+H͒ /Co x Ag 100−x films is always larger than that of the films without a magnetic field applied, while the T a = 400 and 500°C. The reason for the increase in H c for the FtPt͑+H͒ /Co x Ag 100−x film is the degree of ordering is enhanced under the magnetic field. This means that applying a magnetic field during deposition effectively lowers the annealing temperature necessary for the L1 0 ordering process. It is well known that the ordering process is sensitive to the microstructure of the deposition films, and defects 19 or internal stress 3 may contribute to the formation of nucleation sites if a magnetic field is applied. The magnetic energy is thought to be the motive energy of the phase transformation in FePt films. It has been reported that one could increase the ordering transformation rate by increasing the number of nucleation sites. 18, 20 The H c value of FtPt͑+H͒ /Co x Ag 100−x increased with increasing T a , but decayed at T a = 600°C ͑Fig. 6͒. Defects in magnetic materials, such as grain boundaries and phase boundaries, can form pinning sites that impede the movement of magnetic domain walls, leading to high coercivity. 21 In addition, the grain growth of FtPt͑+H͒ / Co 25 Ag 75 has revealed great size of FePt grains at low T a = 400°C ͑Fig. 5͒. The formation of the L1 0 phase develops by nucleation and growth, and once this phase forms the grain grows quickly. Further increase in the heat treatment temperature drives not only the ordered transformation but also the grain growth. Therefore, the reason for the reduced coercivity value is probably the diminished amount of pinning sites due to the decreasing number of grain boundaries.
Different compositions of the Co x Ag 100−x underlayer ͑x = 25, 45, and 60͒ influence the H c values, as shown in Fig. 6 . Although Fe and Co could form a solid solution, Co diffusion into the FePt layer results in a small part of fcc phase. This result is in agreement with that obtained by XRD ͑Fig. 1͒. According to the recent study of Barmak et al., 22 FePt shows a lower activation energy of transformation than CoPt.
The ␦M parameter has been widely employed to analyze intergranular interactions in longitudinal recording media.
For magnetostatic interactions, ␦M is negative at a low applied field. In contrast, a positive ␦M peak height reveals exchange coupling interaction within the materials. ␦M ͑Kelly-Henkel plot͒ is defined as
͑1͒
where M d ͑H͒ is the reduced dc demagnetization remanence curve and M r ͑H͒ is the reduced isothermal remanence curve. The first differential of these remanence curves are the irreversible susceptibility curves, dM d / dH and dM r / dH. Figure   8 shows the ␦M curves of the FePt͑+H͒ /Co 25 These results are consistent with the SQUID measurement that the films with a magnetic field applied during deposition have high coercivity, since excessive exchange coupling leads to a decrease in the coercivity. 24 In addition, the difference in heights of dM d / dH and dM r / dH for FePt͑+H͒ /Co 25 Ag 75 exhibits a relation of factor of 2 and reveal that approximate overlap indicates weak interaction between grains ͑the inset of Fig. 8͒ . These results are corresponding with the report of Mayo et al., 25 for a noninteracting systems the dM d / dH and dM r / dH should overlay with a factor of 2 difference in height of the susceptibility curves completely.
IV. SUMMARY
Utilizing ion beam sputtering, magnetic FePt films were deposited on CoAg underlayer. The significant segregation effect of Co-Ag underlayer was employed due to nonmiscible character of both Co and Ag. The low-temperature process of L1 0 -FePt was obtained by the inductive magnetization of the Co grains. Deposition with an applied magnetic field not only decreases exchange coupling interaction but also lowers the annealing temperature necessary for a high coercivity, H c = 5 kOe.
